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SUMMARY

An anelysis was made which permitited calculation of the effectlive-
ness of oxide coatings in retarding the trensient flow of heat into tur-
bine rotor blades when the combustion-ges temperature of a turbojet
engine is suddenly changed. In order to use the analysis, it was nec-
essary to know the coating thickness, the coating thermal conductivity,
and the turbine flow conditions. An experimental investigation was made
to determine the thickness of coating that will bulld up on the turblne
blades and to check the religbility of the analysis for calculating the
turbine-blade tempereature response when the engline operating conditions
are suddenly changed. Two fuel addlitives, SF-99 silicone oil and
tributyl borate, were mixed with the MIL~-F-5624A (grade JP-4) fuel to
form coatings of silicon dioxlde and boric oxide, respectively, on the
turbine blades. The experimental investigation consisted in recording
the transient temperature at several locations on the turbine blade while
the engline was both accelerated and decelerated between the speeds of
8000 and 11,500 rpm. The engine was operated with straight JP-4 fuel es
well as JP-4 fuel mixed separately with each of the fuel additives. The
uncoated-blade temperature response was compared with coated-blade
temperature responses to determine the effectiveness of the two coatings.

The very thin silicon dioxlde and boric oxide coatings that formed
on the turbine rotor blades (epproximately 0.001 in.) resulted in a
negligible effect on the blade temperature response. Calculations using
the analysis of this report showed that for this coating thickness a
coating conductivity of 0.008 Btu per hour per foot per °F would be
needed to produce a lag of only 100° F in blede temperature relative to
the uncoated blade 60 seconds after the engine operating conditions were
changed from 8000 to 11,500 rpm. No oxide coatings are currently avail-
able with thermal conductivities this low. A comparison of experimental
with calculsted transient uncoated-turbine-blade temperature showed that
the blade-metal temperature calculated from the analysis of this report
was & maximum of 40° F lower than the experimental turbine rotor-blade
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temperature during an engine acceleration from 8000 to 11,500 rpm. The
use of fuel additives had no measureble effect on the engine thrust.

INTRODUCTION

The combustlon-gas temperature of a turbojet engine is limited to
8 value which will result in a reasomnable turbine-blade life. If it
were possible to increase the combustion-gas temperature for a short
period of time (60 sec) without the turbine-blede temperatures exceeding
a limiting value, the thrust of a turbojet engine could be increased for
short periods of time, provided the compressor does not surge as the
engine speed and temperature are increased. A low thermal conductivity
coating on the outside of the turbine blades would retard the flow of-
heat into the blades and thereby lengthen the time during which the
extra thrust is avallable. Reference 1 shows that the steady-state heat-
flow rate into water-cooled rocket motor walls was decreased from 30 to
50 percent by 1/8-inch-thick coatings that were applied dynamically by
condensing the coating material from the products of combustion on the
rocket motor walls. The analytical study réported in reference 2 shows
that a 0.015-inch coating having & thermal conductivity of 0.25 Btu per
hour per foot per OF would be effective in appreciably reducing the
trailing-edge temperature of water-cooled turbine blades. Strong cool-
ing existed in both references 1 and 2.

The results of an experimental investigation made to determine the
effect of dynemically applied coatings of silicon dloxide and boric oxide
on the transient temperature of a single, stationary, uncooled turbine
blade made of S-816 alloy are reported in reference 3. In this refer-
ence transient blade temperature deta were obtained on both the coated
and the uncoated blade when the gas temperature was suddenly Iincreased.
The results showed & negligible effect of the coating on the rate of
blade temperature response.

Although the coatings used in reference 3 were ineffective in
decreasing the temperature-response rate of a stationary turbine blade,
it is stlll desirable to be able to calculate the coating propertles
required for effectively retarding the transient flow of heat into gas-
turbine blades when engine cperating conditions are changed. Before
these coating properties can be calculated, it is necessary to determine
both the accuracy of the calculation method and the costing thicknesses
that can be expected to form on the turbine blades. In order to deter-
mine these factors, both analytical and experimental investigations were
made at the NACA Lewis laboratory.

The obJjectives of the analytical investigation were to obtain (1) =
method of evaluating experimentel data to determine the effectiveness of
different coating materials in decreasing the temperature-response rate
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of turbine blades and (2) an anslytical method for determining the time-
temperature response of a coated turbine blade. The cbjectives of the
experimental investigation were to determine (1) the coating thickness
that will occur on the turblpe blades in a full-scale turbojet engine
when the coating materiasl is elther silicon dioxide or boric oxide, (2)
the effect of these coatings on the transient turbine-blade temperatures,
(3) the accuracy with which the transient turbine-blade temperatures can
be calculated from the analysis presented in this report, and (4) the
effect of the coating on the engine parts and on the over-all engine
performance.

The experimental investigation was made on a production turbojet
engine the turbine blades of which were instrumented with thermocouples
in the leading-edge, midchord, and trailing-edge regions. Transient
blade temperature data for both engline acceleration and deceleration
were obtained for the engine speed range from 8000 to 11,500 rpm. These
speeds were chosen because they represented the extremes of combustion-
gas tempersture that could be obtained in the operation of the engine
used in this investigestion.

Two fuel additives, SF-99 silicone oil and tributyl borate, were
used in the investigation to form coatings of silicon dioxide and boric
oxide, respectively. Transient turbine-blade temperature data were
obtained first with straight MIL-F-5624A (grade JP-4) fuel to obtain
uncoated-turbine-blade data, and then similar data were obtained when
each of the fuel additives was mixed with the fuel. This tine-
temperature datse permitted the calculation of time constants (the time
required for the blade temperature to Iincrease or to decrease approxi-
mately 63 percent of the over-all difference between the initisl and
final blade tem@eratures), which were used to evaluate the effectiveness
of the coatings on the blade temperature response. Date were taken dur-
ing both engine acceleration and deceleration to provide additional
transient temperature data for comparison with the analysis of this
report.

After each fuel additive was used, the engine parts whlch were
exposed to the combustion gases were inspected to determine the effect
each coating might have on the engine parts. The effect of each coating
on the engine performance was also observed during the Ilnvestlgation.

ANATYSIS

The strength of most turbine-blade metals decreases very rapidly
with increases in the blade-metal temperature. Therefore, blade temper-
ature increases even of short duration can cause blade fallure. TFor
this reason, if the gas temperature is to be raised above the design
value, it would be convenient to be able to predict the rate of increase

y'-m'm:n'A ?



———- -———.

4 QN IDENTTAL 7 NACA RM E53A19

of the blade temperature under the influence of the increased gas tem-
perature. Then the time for the blade temperature to reach a critical
value could be calculated. Also, 1f insulating coatlings are used on
the blade surfece to retard the flow of heat into the blade, a method
should be avallable to predict the effectiveness of these coatings in
decreasling the rate of blade-metal temperature response to changes in
gas temperature. Such an analysis of transient blade-metal tempersatures
at the midchord of both coated and uncoated blades is made in this sec-
tion. A 1list of the symbols used In this and other sections of the
report is presented in sppendix A, and a similar analysis for the tran-
sient metal temperstures at the leading or trailing edges of turbine
blades 1s given in appendix B.

Uncoated Blade -

For the analysis of the translent blade-metal temperatures at the
midchord location, a blade sédction was chosen at a sufficient distance
from the blade base, so that there would be no spanwlse heat flow into
the section. An element of this section was chosen at the midchord
location where there would be no chordwlse heat flow across the element
boundaries. Such an element of a blade section is shown in figure 1.
The length of the element is designated a (the distance between the
pressure and the suction surface at the chosen location). The width of
the element is b. The opposite sides of the element are assumed

parallel.

The analysis considers two cases: one 1n which the blade-metal
thermal conductivity is infinlte, and one in which the blade-metal
conductivity is finite. Considering the blade thermal conductivity
infinite greatly simplifies the analysis; but since the turbine-blade-~
metal thermal conductivity is low (sbout 10 to 15 Btu/(ft)(hr)(°F)), the
effect of the blade thermal conductivity may be significant. For this
reason, both cases are considered in this analysis, and the blade tem-
peratures calculated by both theoretlical equations are compared to
determine the error introduced by considering the metal thermal con-
ductivity infinite.

Case 1 - infinite blade-metal thermal conductivity. - For thie case
there will be no temperature gradlents across the hlade section. Con-
gider the strip of the blade section having an area ab as shown in
figure 1. Let the temperature of this section be Tp. The heat
recelved in time 4t through the two surfaces of unit span that are
exposed to the gas stream is

4 = (hg + bp)b(Ty o p - Tpy) At (1)

2785
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This heat dQ will increase the temperature of the blade strip accord-
ing to the equation

dqQ = pmbacm(g—_-iﬂ) at (2)

Equating these two values of dQ (equations (1) and (2)) and solving
for 4t yleld

e ac ar
—m
& =m"F BT oy (3)
8 g,e,T m

The boundery conditions for equation (3) are established when + = O,

Pme
If the term —E_I_im—- of equation (3) 18 considered constant and is

called T, equation (3) can be integrated to yield

To,e,£ = Tn -t/T
T ) = e (4)
gse,f m,1

The symbol T has the dlmensions of time and is usually known as the
time constant. The time constant 1s an indication of the rate at which
the blade temperature will respond to changes in the combustion-gas
temperature. If the time t in equation (4) is equal to the time con-
stant T, the ratio (Tg,e,f - ij?(Tg, e, - Tm,i) will equal spproxi-
mately 0.37. This means that the time constant represents the time
required for the blade temperature to increase or to decrease 63 percent
of the over-all difference between the initial and final blade tempera-
tures. Equation (4) permits the calculation of the blade-metel temper-
ature Ty at any time t when the initial and final effective gas tem-
perature, the blade-metal density and specific heat, the local gas-to-
blade heat-transfer coefficients, and the blade geometry are known.

Case 2 - finite blade-metal thermal conductlivity. - The more exact
case where the blade-metal thermal conductivity is finite is now con-
sldered, so that The megnitude of the error thet is introduced when
blade temperatures are calculated with equation (4) can be evaluated.
For the analysis, as stated previously, a strip of area of a blade sec-
tion of unit depth was so chosen that no spanwise or chordwise heat flow
would occur at the location. Consider such a strip of area ab of the
turbine-blade section as shown in figure 1. A heat balance is made on
the element of length dx of the strip of area &b. The plane 0-0 is
80 located that there will be no heat flow across this plane. The
distance from the plane 0-0 +to the suction surface is 1. The dis-
tance from the plane O0-0 +to the element dx is =x. The rate at which
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heat is transferred from the element dx through the boundary at a
distance x from the plane O0-0 1is
T,
X ()

The rate at which heat is transferred through the boundary at a distance
X+ dx 1s

3
o a— = (r) o (8) “
The net rate at which heat is gained by the element is
aTm
CpPmPdx S (7)
When this new rate of heat gain is placed equal to the difference
between the rate of gain and the rate of loss from the element dx the _:
result is : :
Ty, a T
CmPm 3" km (8)
Equa-
tion (8) can therefore be written as ®rPm ¥
ar,, %1,
5t T mSE (®) ]
oT

Since the origin plane 0-0 was chosen as & plane where 5;2 = O,

the plane 0-0 would fall at the center of the strip only if the heat-
transfer coefficients on opposite surfuces of the blade were equal. For
a turbine blade these heat-transfer coefficients are not equal, and the
plane 0-0 is located near the blade surface with the lower heat-
transfer coefficient. For thils reason, two solutlions of equation (9) are
needed, one for the region between 0-0 and the suction surface of the
turbine blade and the other between the plane 0-0 and the pressure
surface.

Consider first the region between O0-0 and the suction surface.
In order to obtain a solution of equation (9), it is convenient to
introduce a new varigble 6 =T - T In terms of this varieble 6,
gse,f )
equation (9) becomes -
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= e v 1
3% ™ “m Se2 (10)

The boundary conditions for equation (10) are

(1) wvhen x = 0, 36/3x =0
(2) when x =1, - hgfg = ky (%g)s

(3) when t-w=o, 60

Assume that 6 can be expressed as the product of two varigbles X
and Y and theat X is a function of x alone and Y is a function of
t alone. The substitution of these values in equation (10) and the
solutlon of the equation as presented in appendix C yleld

== -7\2K2a.m'b
6 = S : Ce cos AKx (11)

A=l

From this equation, it can be seen that the value of the time comstant T
for the case of finite metal conductivity is defined by l/AZK?am. The
integration constants C and K of equation (11) must be chosen to
satisfy the three boundary conditions and also to make the two strip
sections from the plane O0-0 +to each surface of the blade compatible.
To check boundary condition (1) differentiate equation (11) so that

= 2
36 S - Kzo',m't
a;[— - £ -KN\Ce gin AKx (12)

Thus, boundary condition (1) is satisfied for all values of C and K.
Boundary condition (3) is also satisfie% ortall values of C and K,
-N¢K

inasmuch as the exponential factor e approaches zero as t©
becomes infinite. Substitution of equation (11) in boundary condition
(2) yields

e T
- hg £ e Cg cos Mgl = —kmk - e ACgKs sin NKsl (13)

Equating corresponding terms in equation (13) results in

hgl
—— = AKgl tan AKgl (14)

Kpy
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A transcendental equation of the same type as equation (14) is discussed
in reference 4, where it is shown that there are an Infinite number of
roots. Reference 5 contains a table of the first six roots of this
equation. For the case of the turbine blade being considered here, only
the first root will be considered. Calculations using additional roots
showed & negligible effect on the solution. Thus KXg 1is determined by
the ratio b l/k,. For the section of the strip between the plane 0-0

and the suction surface, 65 will be given by the relation

Kgoug

8g = Cge cos Kgx (15)

where Kg; 1is defined by equation (14). The section of the strip between

the plane O0-0 and the pressure surface can be treated in a similar
manner. GP will be given by

e, = Cpe-Kgamt cos Kpx (18)

and K? is defined by the relation
a-1
E?;(K)_ = K (a-1) tan Ky(a-1) (17)

If these equations are valid, they should give the same value for 8 at
the plane O0-0 at all times. That is,

2
Kot ~Kpot
Cge O = gpe BT (18)

To ensure this equality at all times, Cg; must equal Cp and Kg must
equal K@- The value of C is determined from equation (11) when
and x equal zero. The value of K 1is debermined by solving equa-
tions (14) and (17) simultaneously for X &and 1.

Coated Blade

When 2 low thermal conductivity coating is applied to the turbine
blade, 1ts effect appears in equation (4) or (11) as & change in the
blade-surface heat-transfer coefficlent. In equation (4) the heat-
transfer coefficient appears in the value of T. In equation (11) it
appears in the value of K. The expression for the heat-transfer coef-
ficient that should be used when an oxlde coating is applied 1s pre-
sented in reference 8. This equation, in the notation of this report,
is

1 1 c
E = o 4 i—g (19)
A .

2785
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It can be shown from the definition of the time constant and equa-

tion (19) that the change in the time constant when a coating is applied
is proportional to both &o/ke &and h. Since the change in time con-
stant 1s proportional to h, the use of low thermsl conductivity coat-
ings has a greater effect in applications where high heat-transfer coef-
ficients exist, such as in rocket motors (ref. 1).

APPARATUS AND INSTRUMENTATION
Test Engine

The experimental portion of the investigation was conducted on &
production turbojet engine which had a centrifugal compressor and a
slngle-gstage turbine. The turbine rotor blades were standard service
blades mede of §-816 alloy.

Fuel and Fuel Additives

The fuel used for this investigation was MIL-F-5624A (grade JP-4).
Two mixtures of fuel and fuel additives were used; one contained 6 per-
cent tributyl borate by welight and the other conteined 1.2 percent
silicone oil, SF-99, by welght. These mixtures produced a l-percent
concentration of boric oxide or silicon dloxlde, respectively, in the
products of combustion. These additives were chosen for the investiga-
tion becauge of their aveilability in the gquantities deeired.

Instrumentation

The engine thrust was measured with a calibrated air-cell thrust-
meter. The engine speed was measured with a chronometric tachometer.
The turbine rotor and stator blades were instrumented with 30-gage
chromel-alumel thermocouple wire at the locations shown in figure 2.
The blade thermocouples were made by threading the thermocouple leads
through two-hole ceramic tubing. The ceramic tubing was inserted in a
1/16-inch-outside-diemeter Inconel tube. The end of the Inconel tube
was spun over to seal the thermocouple into the tube. These thermo-
couples were installed in rediasl grooves cut into the blade surface.
When the thermocouples were located in the blade, the grooves were fillied
with a nickel-chromium brazing alloy which was then smoothed off and
faired with the blade surface.

The thermocouples shown in figure 2(a) were located in three dif-
ferent blades so that no single blade would be excessively weakened by
the grooves that were necessary for the thermocouple installation.
Thermocouples 1 and 2 were located in one blade, 3 and 4 were located
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in & second blade, and the thermocouples giving the spanwise tempersa-

ture distribution at the blade leading edge were located in a third

blade. The leads from these thermocouples were fastened to the rear

face of the rotor and then led through the drilled turbine and compres-

sor shaft to the front of the engine where they were connected to a

slip-ring thermocouple pickup. A simllar type thermocouple system i1s
described in greater detall in reference 7. Two of the stator blades

were instrumented as shown in figure 2(b) to obtain steady-state meas-
urements of the spanwlse temperature distributions at the leading edge

of the blades and to cbtain stator-blade transient temperature data. -
The stator-blade temperature distributions, which were obtained only
durlng steady-state conditions, are an indication of the rsdial
combustion-gas temperature distributions leaving the two burner liners
upstream of the two instrumented stator blades. The steady-state tem-
perature deta were obtained with an indicating potentliometer, and the
trensient blade temperature data were obtalined with recording potenti-
ometers that drew graphs of tempersture against time. Samples of these
graphes are shown in figure 3.

EXPERIMENTAL, PROCEDURE

The translent blade temperature data used in this report were
obtained at static sea-level test conditions. The data were obtained by
accelerating the engine from 8000 to 11,500 rpm (rated engine speed) and
recording the turbine rotor-blade temperatures during the transition
between these two operating conditlons and until the blade temperatures
reached equilibrium at the new conditions. The accelerations were made
from the initial engine speed of 8000 rpm to the final engine speed of
11,500 rpm, because,for the turbojet engine used, acceleration through
thls speed range resulted ln the largest difference in values of initial
end final combustion-gas temperatures without exceeding rated engine
speed. The engine was not accelerated above rated engine speed, because
it was believed that coating thicknesses would not be sufficient to
provide a blade temperature lag great enough to avoid blade failure at
engine speeds asbove the rated velue. Deceleration as well as accelera-
tion date were recorded in this investigation, so that a comparison
between the theory presented in this report and the experimental results
could be made for two different types of transient heat flow. Several
engine accelerations and decelerations were made with each fuel additive
mixture and also with the JP-4 fuel to obtain check data and also because
there were not enough recording potentiometers available to record all
blade thermocouple temperstures at once. It was therefore necessary to
repeat test runs with different combinations of thermocouples connected
to the potentiometers.

The engine was operated first with no additive in the fuel, and data
were obtained for eleven engine accelerations and seven decelerations to

' 2785
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obtain a reference for comparisons with the coated-blade data. During
these runs time-temperature relations were obtained for thermocouple
locations 1, 2, 3, and 4 on the rotor blade and for location § on the
stator blade. Silicone o0il was then added to the fuel, and the engine
was operated at rated engine speed for approximately 1/2 hour to provide
for the coating build-up before data were taken. FEight accelerations and
eight decelerations were made to obtain transient blade temperature data
for the same thermocouple locations that were considered during the
uncogted-blade operation. After this period of running, the engine was
disassenbled and the engine parts were inspected for evidences of
deposits of silicon dioxide. Measurements of the coating thickness were
made where thickness and uniformity of the coating permitted. The coat-
ing was then cleaned from the engine parts and the engine was reassem-
bled. Six accelerations and six decelerations were made with the
cleaned engine with JP-4 fuel used to check the first transient uncoated-
blade temperature data that were obtained. The tributyl borate was

then added to the fuel and the englne was operated for approxXimately

1/2 hour at rated speed to provide for the coating build-up. Eight
accelerstions and eight decelerations were then made to determine the
effect of this coating on the blade temperature-time relation. Follow-
ing this running, the engline parts were again inspected to determine the
thicknesses and the locations of the coatings.

Eech time the engine was started and before tilme-temperature data
were obtained, the engine was operated at an engine speed of 11,500 rpm
and the turbine-blade temperature was set at 1365° F by adjusting the
tail-pipe nozzle opening. This procedure produced transient blade tem-
perature data that were always between the same temperature limits and
also gave about the same engline combustion-gas weight flow and thus
gbout the seme blade-surface heat-transfer coefficients. Befare addi-
tives were mixed with the fuel, the engine thrust was measured to cbtain
a base value. During the fuel-additive investigations the engine thrust
was measured to detect any change in the engine performance caused by the
coatings on the turbine blades and other engine parts.

CAICULATION PROCEDURE
Theoretical Determination of Blade Time Constants

The magnitude of the time constant, as indicated in the analysis,
determines the rapldity with which the blade-metsl temperature responds
to changes in combustion-gas temperature. Therefore, to determine the
effectiveness of a coating, the terms which influence the magnitude of T
must be evaluated. For an uncoated blade, these terms are the gas-to-
blade heat-transfer coefficlents, blade geometry, and blade-metal con-
ductivity, density, and specific heat. In addition, two other terums,
coating conductivity and coating thickness, must be considered when the
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blade is coated. In order to evaluate these terms, combustion-gas-flow
conditions of a typical turbolet engine (ref. 8) were assumed. Also,
in order to simplify the calculations, only a section at the blade
midchord was consldered.

The procedure followed in determining the terms of the time con-
stant was as follows: The veloclty distributions along the surface of
the blade profile at the midspan were cbtained by the use of the stream-
filament theory described in reference 8. The local velocitles at the
midchord surfaces of the blade with the combustion-gas properties eval-
ueted at final blade-metal temperatures were then used to determine the
local convective heat-transfer coefficients on the suction and pressure
surfaces by methods presented in reference 10. The values of heat-
transfer coefficlents thus calculated are for uncoated blades.

The effects of the coating were included by evaluating the over-all
heat-transfer coefficients with equation (19) of this report. Since the
coatings spplied to the blade would probably be thin relative to the
blade thickness (ref. 3), the effect of the coating on the velocity
distribution around the blade periphery will in most cases be negligible,
and 1t is so considered in the calculations of the convective heat-
transfer coefficients in this report. However, for cases where the
coating is thick, the blade proflile may be altered enough to change the
velocity distribution around the blade, with the result that the con-
vective heat-transfer coefficient h would be different from that
obtained for the uncoated blade. It would therefore be necessary to
determine the veloclty distribution and the heat-transfer coefficients
for the modified profile before equation {(19) could be used to determine
the value of the over-all heat-transfer coefficlent hg.

The magnitudes of T were calculated for both engine accelera-
tions and engine decelerations by evaluating the metal density and
specific heat at the final metal temperature. The blade-metal thermal
conductivity was elther comnsidered infinite or evaluated at the Ffinal
metal temperature.

Theoretlcal Determination of Effectiveness of Coatings

The theoretical effectiveness of coatings was determined by calcu-
lating, from equation (4), the blade-metal temperature variation with _
time for various combinations of coating thickness and coating conduc-
tivity necessary to produce a desired lag in blade-metal temperature.
The value of the time constants used in equation (4) was calculated by
assuming the blade-metal conductivity infinite and the same coating
thickness on each surface of the blade, by neglecting the effect of
coating thickness on the convective heat-transfer coefficients, and by

2785
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using values of over-all heat-transfer coefflcients determined by equa-
tion (19) for various ratios of coating thickness to coating
conductivity.

Method of Determining Blade Time Constants from Experimental Data

Determining the effectiveness of the coatings obtained in the
experimental investigation required accurate values of the time constant
because of the relatively thin coatings deposited on the blade. The
calculation procedure, therefore, is so arranged as to deduce the best
possible value of T from the time-temperature data. Typical traces of
the time-temperature variatlion at the midchord of a rotor blade as
ocbtained with recording potentiometers are shown in figure 3.

By essuming the simple case of infinite blade-metal thermal conduc-
tivity (which, as will be shown later, varies only slightly from the
more complex case of finite blade-metal conductivity) and the engine
conditions as changed instantaneously, the theoretical equation of a
blade temperature response with time was given in the analysis section
as

TSJe:f - Ty
Tg,e,f - Tm,1i

-t/

(4)

When the case of an uncoated blade is considered in which the blade-
metal conductivity is infinite, the value of T is glven for the
midchord region of the blade as
.- PLBC,

hg + hp
where, with the assumption that the change from one temperature level
and one set of flow conditions to another 1s instantaneous, values of
the convective heat-transfer coefficlents hg and hp eare fixed and T
is a constant. However, ln the experimental investigation, approximately
6 to 15 seconds were required to change engine condlitions, with the
result that the heat-transfer coefficients varied and thus the value of
T also varied during the first 6 to 15 seconds. Consequently, the value
of T 18 determined from the data obtained after final canmbustion-gas-
flow conditions are esteblished or approximately 10 seconds after the
time the engine speed is changed.

If equation (4) of the analysis is written in the logarithmic form,

1n(Tg,e,f - Tm) = In(Tg,e,f - Tm,1) - &/7T (20)
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it can be seen that, since 1In(Tg,e,f - Tm,i) 1is a constant, the data

can be represented on a semilog plot as & stralght line, 1f the temper-
ature difference (Tg,e,f - Tn) is plotted on a logarithmic scale and

the time on an equal-parts scale. Eguation (20) also indicates that the
negative reciprocal of the slope of the line on this plot represents the
value of the time constant T. The data obtained while the engine con-
ditions are changing will not fall on a straight line, because of the
variation of the blade-surface heat-transfer coefflcient during this
period; however, after the engine combustion-gas-flow conditions are
established, the date should fall on a straight line, as is illustrated
by a typlcal plot of the date shown in figure 4. The intercept of the
straight line on this type plot at zero time gives a fictitious value of
the temperature difference Tg,e,f - Tm,i that would satisfy the theo-

retical conditions of instantaneocus chenge in engine conditions.

The value of T found by this graphical method depends to some
extent on judgment in fairing a line through the data and in selecting
a value of Tg,e,f- The first value of Tg,e,f usually tried is that
which appears to be the filnal steady reading from the time-temperature
traces (fig. 3). However, for some runs, after apparently reaching a
final value, the final metal temperatures indicated by the traces
drifted a few degrees so that the value obtained made the data incom-
patible with theory. A small constent error in the value of Tg,e,f,
when included in a plot such as figure 4, makes the data deviate from
the straight line indicasted by theory. The deviation from the straight
line becomes grester when time increases and Tg,e,f - Tm decreases.
The constant error in Tg,e,f then becomes an increasslingly large per-

centage of the temperature difference Tg,e,f - Tm. Because of this
known lnaccuracy in the measurement of Tg,e,f, the observed value was

adjusted by a constant for any one run (never more than the instrumen-
tatlon error) to produce a stralght line as predicted by theory when the
data is plotted as shown in figure 4.

In order to obtain as accurate a time comstant from the data as
poseible, a method of least squares presented 1n appendix D was used to
refine the approximate graphical results. The graphical results, because
of their dependence on the observer's Judgment in selecting appropriate
values of Tg,e,f and in fairing a line through the data, for some runs
indicated a difference of several seconds in the value of T as compared
with values obtained with the least-square method.

2785,
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RESULTS AND DISCUSSION
Experimental Time Constants

Experimental time constants were determined for each of the ther-
mocouple locations on the rotor blade and for the leading edge of the
stator blade with the method of least squares ocutlined in eppendix D.
The time constants were obtained by using the transient blade temperature
date for the time after the combustion-gas flow was esteblished at the
final conditions. The time constants obteined in this investigation for
both accelerations and decelerations are summarized in table I.

Table I(a) contains the time constants for the engine accelerations for
the costed and the uncoated blades. There is some scatter of the time
constants obtained from individual runs for each thermocouple location,
and. for this reason these values are averaged to obtein values for com-
parison between the coated and the uncoated blades. An inspection of
the average time constants for the rotor blades reveals that for all the
thermocouple locations on the turbine rotor blades the coatings of both
silicon dloxide and boric oxide formed by the fuel additives (silicone
oll, SF-99, and tributyl borate, respectively) had no measuresble effect
on the temperature response of the turbine rotor blades. The variation
between the average time constants for coated and uncoated blades is of
the same megnitude as the variation obtained for individusl runs made on
the uncoated blades. This variation between coated and uncoated blades
is therefore within the experimental sccuracy of the aspparatus, and the
effect of the coatings on the rotor blades 1s negligible.

The average experimental time constant for the leading edge of the
uncoated stator blade was 21 seconds. The sllicon dioxide coating on
the stator blades increased this value to 29 seconds. This difference
in time constant would result in asbout a 25° F decrease in the stator-
blade temperature relative to the uncoated blade 60 seconds after the
engine coperating conditions were changed. A more.complete discussion
of the relation between time constants and the resulting blade tempera-
ture is presented later in this discussion. The boric oxide coating on
the stator blade resulted in a time constant of 23 seconds, which was
slightly higher than the uncoated-blade time constant of 21 seconds; but
the difference between this value and that of the uncoated blade is
within the accuracy of the experimental data.

Teble I(b) contains the values of the time constants cbtained when
the engine was decelerated from 11,500 to 8000 rpm.. These values of
time constant show the same effects of the coatings as were shown in the
acceleration data. The greatest effect was at the leading edge of the
stator blade when the blade was coated with silicon dioxide. The decel-
eration time constants were larger than those obtained for engine
acceleration, because the time constant is an inverse function of the
local gas-to-blade-surface heat~transfer coefficient which exists at the
f£inal condition (11,500 rpm for acceleration and 8000 rpm for

deceleration) .
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Characteristics of Coating Deposits on Blades

Inspection of the turbine blades after using each of the fuel addi-
tlves showed that both coatings were very thin. This thinness was the
reason for their ineffectiveness in decreasing the blade temperature-
response rate. The silicon dioxlide coating had a powdery appearance and
showed a tendency to flake off the blades. This coating was powdery
because the engine combustion-gas temperature was less than the melt-
ing point of silicon dioxide. The boric oxide coating was very thin
and hed a glassy appearance. The thilckest coating was that of silicon
dioxide on the stator blades. This inspection verifled the results
presented in teble I, which shows that the leading edge of the stator
blades had the greatest increase in the time constant. Measurements of
the coating thickness Wwere made for the siliton dioxide coating; but,
becauvsge it flaked off easily and because the flow conditions over the
blade were altered as the engine was shut down, the measured thicknesses
are probably not the same as those that existed when the data were taken.
Also, because the coatings were quite thin and powdery, it was difficult
to obtaln accurate measurements of the coating thickness. The boric
oxide coating was so thin that it was impossible to determine the thick-
ness that had heen deposited on the rotor or the stator blades. The
measured thlcknesses of the silicon dioxide coating on the turbine rotor
blades after the first hour of engine operation were: for the suction-
surface leading edge, 0.0005 inch; midchord, 0.001 inch; and trailing
edge, 0.005 inch. The pressure surface had a uniform 0.0005-inch coating
over the entire surface. The leading edge of the stator blade had &
0.015-inch coating.

Comparison of Time-Temperature Curves Calculated from
Experimental Time Constants for Coated and Uncoated Blades

The average values of the experimental time constants for the stator-
blade leading-edge thermocouple for the uncoated blade and the blade
coated with silicon dloxide were used with equation (4) of the analysis
to calculate curves of the blade temperature veriation with time. The
initial and final blade temperatures assumed for the calculation were
1000° F and 1365° F, respectively. These two curves are presented in
figure 5. The difference in the time constants for these two curves is
8 seconds, and it is reflected in a blade temperature lag of about 25° F
at a time 60 seconds after the operating conditions of the engine were
suddenly changed. Similer time-temperature curves plotted for the tur-
bine rotor-blade locations would show no difference between the coated-
and the uncoated-blade curves, because of the small varlations in the
rotor-blade time constants which are presented in table I.

S8L2
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Comparisons of Theoretlcal and Experimental Uncoated-Blade
Time-Temperature Variations and Time Constants

Two equations, (4) and (11), derived in the analysis of this report
permit the calculation of the blade temperature at any time t after
the engine operating conditions have been suddenly changed. Equa-
tion (4) is based on the assumption that the thermsl conductivity of the
blade metal is infinite, while equation (11) is based on an assumption
of a finite blade-metal thermal conductivity. These two equations were
used to calculate the variation of the blade-metal temperature at the
midchord, midthickness location of the uncoated turbine rotor blade for
the conditions of this experimental investigation. No data from the
experimental Investigation were used in the calculation. The two cal-
culated curves of the blade time-temperature relation are presented for
engine acceleration and compared with an experimental curve in figure 6.
The values used In obtaining the calculated curves are presented in the
following teble:

Blade-metal properties Blade-surface heat-
transfer coefficlents, h,

Btu/(sec) (sq £t)(°F)

Density, |Specific heat,| Thermal Suction- Pressure-
Pms Cms conductivity, ky, surface surface

1b/cu £t| Btu/(1b) (°F) | Btu/(sec)(£t) (°F) midchord midchord
536 0.153 . 0.0044 0.062 0.015

The surface heat-transfer coefficlents were calculated and the blade-
metal properties were evaluated as described in the CALCULATION PROCEDURE
of this report. The calculated value of the heat-transfer coefficient
at the suction surface is much larger than that at the pressure surface,
because, for the combustion-gas-flow conditions at an engine speed of
11,500 rpm, the flow at the suction surface was turbulent while that at
the pressure surface was laminar. The calculated time constents for the
cagses of infinite and finite blade-metal thermal conductivity were 20
and 21 seconds, respectively. These time constants were used in equa-
tions (4) and (11) to calculate the blade time-temperature relation.

The time-temperature curves which were cobtained with these two values of
time constant are presented in figure 6.

Considering the blade-metal thermal conductivity infinite greatly
simplifies the calculation of the blade-metal temperature varietion and
as shown 1n figure 6 results in e maximum difference of 6° F between the
curves calculated by the two equations (4) and (11). Similarly, calcu-
lations of the magnitude of T made for the case of engine deceleration
indicated small effect due to considering the conductivity to be either
finite or infinite. The computed values of T for cases of infinite and
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finite metal conductivity were 29 and 31 seconds, respectively. The

larger time constant was obtained for the case of a finite blade-metal

thermal conductivity which results in a finite time for the heat to flow -
to the midthlckness location. Since the tlme constants obtained for the

cases of finite and infinite blasde-metal thermal conductivity aegree, the
latter, being less complex, was used in the calculations of the tran-

sient blade-metal temperatures presented in this report. The values

would not agree for & blade that was considersbly thicker than the blades

used in this Investigation or for blades of very low thermsl conduc-

tivity, such as ceramic blades.

lenrp

The calculated values of time constant at the mldchord location and
the experimentsl values cbtained from the data after final engine
combustion-gas~flow conditions were estagblished agree very well. The
calculated valueg as defined in equation (4) for the case of infinlte
thermel conductivity were 20 seconds for acceleration and 29 seconds for
deceleration. The average experimental values were 20 seconds and
30 seconds for acceleration and deceleration, respectively. Therefore,
a time-temperature curve calculated with the theoretical value of the
time constant would be the same as one calculated with the experimental
- value. However, when the calculated time-temperature curve for an

engline acceleration is compared with & plot of the blade temperature

date agalnst time, exact agreement between the calculated and the data
curves cannot be obtained, because the engine operating conditions can- -
not be changed instantaneously from 8000 to 11,500 rpm as 1s assumed in
the derivation of equation (4). A comparison between the curve cal-
culated with equation (4) and the data curve plotted from run 14, )
table I(a), is shown in figure 6. The maximum difference between the
two curves is about 40° F. The time required to change the englne
operating conditions from 8000 to 11,500 rpm for this run was 7 seconds.
The magnitude of the disagreement between the calculated and the data
curve is a function of the time required to change conditions. The
shorter the time required to change the operating conditions, the better
wlll be-the agreement between the calculated and the data curves.

Determination of Desired Coating Properties

The comperison between experimental and theoretical determination
of turbine rotor-blade time constents shows that equation (4) i1s reliable
for calculating the uncoested-turbine-blade time constant. It was not
possible to check the relisbility of equation (19) with the data of this
investigation, because the coating thicknesses dbtained could not be
measured accurately. However, in reference 1 data are presented for the
temperature reduction of rocket motor walls when they are coated with
several different refractory materials. Coating-thickness data were *
presented only for zirconium dloxide coating. By using equation (19) it
was possible to predict the reduction of heat transfer into the rocket
motor walls within an accuracy of 15 percent. Therefore, equations (4)
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and (19) will be used to determine the effect of different ratios of
coeting thickness to coating conductivity Sc/kc on the turbine-blade

temperature response. A series of calculated time-temperature curves
for a range of Bc/ke (from 0 4o 50 (sq f£t)(sec)(°F)/Btu) is presented
in figure 7. These curves have been calculated for the midchord loca-
tion on the blade, with the assumption that the coating thicknesses on
the suction and pressure surface are the same.

If, for the purpose of illustrating the shortcomings of dynamically
appllied oxlide coatings, an arbitrary lag of the coated-blade temperature
of 100° F relative to the uncoated blade is desired 60 seconds from the
time the englne opersating conditions are changed from 8000 to 11,500 rpm,
it can be seen from figure 7 that a value of 5c/kc equal to about

37 (sq £t)(sec)(°F)/Btu is required for the engine combustion-gas-flow
conditions used in this investigation. The silicon dioxide coating
thickness required to produce this lag in turbine rotor-blade tempera-
ture could not be calculated, because the thermal conductivity of the
powdered silicon dioxlde deposited on the turbine blade in this inves-
tigation was unknown. Avallsble literature gives the thermal conduc~
tivity only of fused silicon dioxide, which is higher than the powdery
form that was obtalined on the turbine bledes. However, by using the
measured values of the coating thicknesses obtained in this investi-
gation with silicon dioxide, approximately 0.001 inch, it is possible
to calculate the coating conductivity required to produce this arbl-
trarily desired lag in metal temperature. A coating thermal conductivity
of 0.008 Btu per hour per foot pexr OF would be needed for a coating
0.00L inch thick. For a coating thickness of 0.010 inch, the maximum
considered permissible from serodynamic considerations of this turbine,
a coating thermal conductivity of 0.08 Btu per hour per foot per Op
would be required to produce the temperature lag of 100° F. A survey of
literature on possible oxide coatings indicated that there were no mate-
rials avallsble with thermal conductivities as low as 0.008 Btu per hour
per foot per OF but that materials do exist with thermal conductivities
in the range of 0.08 Btu per hour per foot per OF. One such material

is antimony oxlde, which lms a conductivity of 0.088 Btu per hour per
foot per OF. This oxide is a possibility for a blade-coating material
if it can be dissolved in the engine fuel and if a method can be
devised to cause the coating to build up to a thickness of 0.010 inch.

Deposits Formed on Engine Parts

Only the sillcon dioxide deposits in the engine are presented in
photographs, because the boric oxide deposits were so thin for the con-
centration of the additive used as to be negligible. The photographs give
e clear idea of the types of coating encountered and the problems of
engine operation that may result from these coatlings. The silicon
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dioxide coating that formed on the turbilne rotor blades is shown in
figure 8. The uncoated blades are shown in figure 8(a), and the blades
after one hour of engine operation in figure 8(b). After this first
hour of operation, the coating covered the entire blade. The coating
thicknesses were measured with the coating in this condition. After an

additional 1% hours of operation, the turbine rotor blades were coated

as shown in figure 8(c). The coating 4id not adhere to the blades as
well as it did after the first period of operation, and, as shown in
figure 8(c), most of the coating on the blades had chipped off. The
chipping probebly resulted from loosening of the coating when the blades
cooled after the first engine inspection shut-down. When the engine
was started again the loosened coating was washed off.

The turbine stator blades are shown in figure 9; part (a) before

engine operation and part (b) after 2% hours of operation. The deposit.
on the stator blades was heavier than on the rotor blades, but because
of its thilckness the coating appeared to flake off after 1t reached a
given thickness and then to build up again. The complete washing off of
the coating appeears to be a characteristic only of the rotor blades, for
no such complete washing was evident on the stator blades.

Photographs of the burner domes after 2% hours of engine operation

are shown in figure 10. The burner domes were coated with a thick,
spongy coating of silicon dioxide and carbon. The thickness of the
deposit was about 1/8 inch. There wes also a bulld-up of deposit on
the fuel nozzles which in time could conceivably elter the shape of the
fuel spray and decrease the efficiency of combustion. The burner liners
also had a deposit gbout 0.010 ineh thick on the inside surface that was
similar to that in the burner domes.

Only deposits of silicon dioxide in the engine have been discussed,
because they were much greater than the boric oxide deposits formed by
the additive tributyl borate. The boric oxide deposits were so slight
as to be immeasureble. A characteristic of tributyl borate is 1ts
affinity for water. When it combines with water, boric oxide precipi-
tates from the additive solution and thereby renders the additive inef-
fective for forming coatings on the turbine blades. This precipitate
can also cause englne operating difficulties by clogging fuel filters;
and, if the precipitate forms while the fuel is in the engine, diffi-
culties such as the plugging of fuel nozzles can occur. During the oper-
ation of the engine in this investigation the fuel nozzles became
plugged with the boric oxide precipitate which formed when the fuel
remaining in the fuel nozzles combined with the moisture in the air
after the engine was shut down for an inspection of the turbine blades.
Photographs of three typical plugged fuel nozzles are compared with
clean nozzles in figure 1l. Nozzles number 4 and 7 were partially

CONTIDENTIAL
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plugged, and nozzle 11 was completely plugged. The plugging was severe
enough to make it impossible to start the engine. After this difficulty
was encountered, engine shut-downs were preceded by purging the fuel
system of the engine with stralght JP-4 fuel to clean the additive from
the fuel nozzles. This procedure was effective in eliminating the fuel-

nozzle plugging difficulties.

Effect of Fuel Additives on Engine Performance

The use of either SF-99 silicone o0il or tributyl borate as an addi-
tive in the fuel for a period of approximately 2 hours of engine oper-
ation did not cause a measureble change in the engine thrust, as com-
pared with an engine operating on JP-4 fuel with no additive. There
also was no change in the burner-outlet spanwise temperature distribution
resulting from the addition of the silicone oil, SF-99, or the tributyl
borate to the fuel. The only change in the engine performance was an
increase in the specific liquid (fuel plus additive) consumption. This
change was a result of depression of the heating value of the JP-4 fuel
by the low heabting values of the addltives, which made a higher fuel-
air ratio necessary to obtain the required turbine-inlet temperature at
rated engine speed of 11,500 rpm.

SUMMARY OF RESULTS

An anslysis was made to permit the prediction of the temperature
response of coated and uncoated uncooled turbine rotor blades after a
sudden change in the combustion-gas temperature. An experimental inves-
tigation was made on a turbojet engine to check the analysis and to
determine the effectiveness of dynemically applied coatings of silicon
dioxide and boric oxide. The fuel additives used to produce these coat-
ings were silicone oil, SF-99, and tributyl borate, respectively. The
mixtures of these additives with the fuel produced a l-percent concen-
tration of the coating material in the products of combustion. The
results of this investigation are as follows:

1. Neither the silicon dioxide nor the boric oxide coating on the
turbine rotor blades was effective in retarding the rate of turbine-
blade temperature response.

2. The analysis permitted calculation of the experimental transient
turbine-blade temperatures of this investigation with a meximum error of

about 40° F.

3. For the coating thickness obtained with silicon dioxide at the
midchord location (0.001 in.) the analysis indicated that a coating
thermal conductivity of 0.008 Btu per hour per foot per OF would be
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needed to produce a blade tempersture lag of 100° F 60 seconds after the
engine operating conditions were changed from 8000 to 11,500 rpm. A
survey of literature showed that no oxide coatings having conductivities
this low are aveilable.

4. For the maximum coating thickness (0.010 in.) that can be per-
mitted on the turbine blade from serodynsmic considerations, the anal-
yesis indicated that, for the metal temperature lag of 100° F 60 seconds
after the engine operating conditions were changed, & coating thermal
conductivity of 0.08 Btu per hour per foot per OF was needed. A survey
of literature indicated that only few oxldes have thermal conductivities
this low. Antimony oxide is one that falls in this range and 1s a pos-
sibility for a blade-coeting material if 1t can be used with the dynamic
coating technique and if it will deposit on the turbine-rotor blades to
a thickness of 0.010 inch.

5. Engine operation for a period of approximately 2 hours with each
fuel additive and the resulting deposits on the engine parts had no
messurable effect on the engine thrust.

Lewig Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio
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APPENDIX A

SYMBOLS
The following symbols are used in this report:
area of blade leading-edge section, sg £t
length of element at midchord of blade, ft
width of element at midchord of blade, ft
integration constant
specific heat, Btu/(1b)(°F)

local gas-to-blade-surface hest-transfer coefficient,
Btu/ (sec)(sq £t)(°F)

average gas-to-blade heat-transfer coefficilent over length I of
blade leading edge, Btu/(sec)(sq £t)(°F)

integration constant

thermal conductivity, Btu/(sec)(£t) (°F) .
length of leading-edge periphery exposed to gas stream, Tt
distance from plane 0-0 to suction surface, ft

intersection of suction surface and plane which separates leading
edge from remainder of blade

intersection of pressure surface and plane which separates leading
edge from remainder of blade

direction normal to boundary MN

plane through blade element where dTm/dx =0

heat flow, Btu
length of leading-edge boundery, ft
temperature, °F

time, sec ’

TR TS
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X function of x

X distance from plane 0-0 to incremental element of blade midchord

section, ft -

function of ©

o thermal diffusivity k/pc, sq ft/sec

A correction to Tg,e,f,o

3! thickness, ft

€ correction to T,

6 (Tg,e,r = Tw)» OF

A index of summation

o density, Ib/cu ft

T time constant pac/h, sec

Subscripts:

c coated

e effective

f final

g combustion gas

i initial -

m metal

o] vaelues obtained by approximate graphical method

P pressure surface

s suction surface

1 epplied to integration constants

2785
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APPENDIX B

ARATYSTS OF TRANSIENT METAL TEMPERATURES AT LEADING OR
TRAILING EDGES OF TURBINE BLADES

The equations presented ln this section are derived only for the
leading edge of the turbine blade, but they also may be applied to the
tralling edge. The only differences hetween these two locetions are the
blade geometry and the gas-to-blade heat-transfer coefficients.

S8Le

Uncoated Blade

Consider a section of the leading edge of s turbine blade as shown
in figure 1. This section has unit span, area A, and length L, of
the periphery exposed to the exhaust gas. The plane M-N separates the
leading-edge sectlon from the rest of the blade. It is chosen such that
the chordwise heat flow from the leading edge is perpendiculer to the
plane at all points. The direction of heat flow is n, and an element
of blade in the direction of heat flow is dn.

-~ The net heat flow into the erea A through the boundaries must equal
the heat stored in the area. Such a heat balance results in the equation

I=L
h(Tg o,p - Tpldl + kmf ds = pmAcm< ) (B1)
=0
from which
it = P (B2)
I=L N
h(Tg,e’f - Tp)dL + kmf
1=0 M
= (B3)

(Tg,e,£ = Tm) haL + kpy f
I=0




26 NACA RM E53A19

If the boundary M-N is chosen so that (dT,/dn)ds is zero or negligible,

N
4T
the term km\[q (EEE> ds can be neglected (the case of infinite blade-
M

I=1L
metal thermal conductivity). Also, if h(dL) can be evaluated
L=0

in terms of an average heat-transfer cocefficient h for the length L
of the leading-edge surface exposed to the gas stream, then

I=L

h(dL) = hL, and equation (B3) can be written
I=0

PmACHATy (B}

dt = —=
hL(Tg,e,f - Ty

The time constant for the leading edge of the blade then is defined as

7 = om (85)
hl,

and integration of equation (B4) will again produce equation (4)

Tg,e,f - Tp - e-t/T (4)
Tg,e,f - Tm,i

If the heat flow across the boundary M-N cannot be neglected (the
case of a finite blade-metal thermal conductivity), then the term

N
dar
km\jq (Eﬁ2> ds must be included in the time constant. The time con-
M

stant 1s then

aT
ka (am) s
M

Coated Blade

The effect of an oxide coating on the leeding and the traeiling edge
of a turbine blade is handled the same as the coating on the midchord
location. Equation (19) is used to calculate the over-all heat-transfer

§tLE
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coefficient for the leading edge of the coated blade. This coefficient
is then used in equation (B5) or (B6) to determine the time constant,

which is then used with equation (4) to determine the leading-edge blade
temperature at any time t after engine operating conditions have been

changed.
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APPENDIX C

SOLUTION OF DIFFERENTTIAL EQUATION FOR TRANSIENT BLADE TEMFERATURE WHEN
BLADE -METAT, THERMAT, CONDUCTIVITY IS FINITE
When the turbine-blade-metal thermel conductivity is considered
finite in the calculations of the transient turbine-blade temperature
after the turbine operating conditions have been changed, it is nec-
essary to solve the differential equation

36 3%

3t = *m 2 (10)

The solution of this differential equation is presented here. The
boundary conditions for the equation are
when x = 0, 36/3x = 0
d6
when x =1, - hafy = k 3=

when +t—%w, 06—>0

s

Assume that 6 can be expressed as the product of two variables X and
Y, wvhere X 1is & function of x and Y 1is a function of +t. Thus

8= XY (Cl)

Substitution of this value of 6 in equation (10) yields

2
ay azx
T X = oyt —-—2) (c2)

or

& _ncs (Cc3)

Since the left term of equation (C3) is & function of +t, and the right
term is & function of x, both terms are constant and equal. This con-
stant velue can be written as -szm. Equation (C3) can now be written
as two ordinary differentlial equations

%% - o (c4)
£ TR

CONFIDENTTAL ~
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and

2
% X . x? (cs)

&= oat (c6)
and

afx

=3+ K2X = 0 (c7)

dx

Equation (C6) can be integrated to produce

In ¥ = K2t + 1n ¥y

or

Kt
Y = Yqe ‘n (c8)

Equation (C7) is = simple harmonic equation and its solution can be
written in & number of forms. The one best adapted to the present
boundery conditions is

X = Xq cos Kx (c9)

A solution of equation (Cl) can then be written as

Koa_t

6 = Y;Xje 0 cos Kx (c10)

The product XY, 1is a constant of integration to be determined from

the boundary conditions. It is numerically equal to the temperature
difference 6 at the plane 0-0 when t = 0 and is defined as a con-
stant C. Because eguation (Cl0) is only one solution of the linear
equation and any combination of solutions of the equation is also a
solution, equation (c10) in its most general form can be written as

- +
0= E :Ce “m cos AKx (11)

A=l
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APPENDIX D

METEOD OF LEAST SQUARES AS APPLIED TO APPROXIMATE GRAPHICAL RESULIS
FOR DETERMINATION OF TIME CONSTANTS

The procedure followed to obtain the time constants from the exper-
imental data 1s presented herein. Equation (4) is solved for Ty &and
becones :

-t/7
Ty = Tg’e:f - (TgJe’f - Tm:i)e (1)
The quantities to be determined are Tg,e,f 8and T- These terms are to

be given magnitudes which make the sums of the squares of the residuals.
e minimum. A residual is the temperature difference (Tm,o - Tm), where

-t/T
Tm,0 = Tg,e,f,0 - (Tg,e,f,0 ~ Tm,i)e ° (D2)

Because equation (D1l) is not linear in T, but transcendental, it will .

be linesrized by means of Taylor's theorem for two independent varilables.

Let

T, + €

T °

Tg,e,f = Tg,e,f,0 + A

where T, and Tg’ e,f,0 B&re the values found by the approximste graph-

ical method, and € and A are the corrections to be made so as to
minimize the sum of the squares of the residuals. Then by Taylor's
theoren,

oT oT
Tm = Tm ot A(Wm—) + € (gg) ) (D3)
4 g,e,f o T fo)

This equation is linear in A and € 1f these correctlions are small
enough that the terms involving the higher powers of them, such as Az s
€A, ez , and so forth, can be neglected. All the terms in equation (D3)
can be obtained from the data except the two unknowns A and €.

The values of A and ¢ that render the sum of the squares of the
residuals a minimum are given in reference 1l as

CQl TAL, "
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(D4)

In equations (D4) the value of the blade-metal temperature Ty is
obtained from the time-temperature data, while other terms are cbtained
by solving or differentiating equation (D2). By inserting the values of
these terms obtained for each data point, the products and accumulations
required in equation (D4) can be computed and the equations solved for A
and €. The values of Tg,e,f,o end T, obtained by the approximate
graphical method then can be corrected by A and €, respectively, to
obtain the corrected values of Tg,e,f and T.
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TABLE I. - TABULATION OF BLADE TIME CONSTANIS R::E§:::;?

(a) Data cbteined by accelerating engine from 8000 to 11,500 rpm.

Run Time consbtant, T, sec
Rotor-blade thermocouple location Stetor-blade thermo-
couple location
Leading [Trailing |Midchord |Midchord Leading edge
edge edge suction [midthickness
surface

MIT-F-56244 (grade JP-4) fuel
1 19 24 - 22 -
2 19 22 -— 19 -
3 20 24 - 20 -
4 - 24 20 19 -
5 - - 22 23 -
6 22 - 20 21 -
7 - - - 17 -
8 24 - 23 21 -
9 20 - - 21 17
10 - - - 22 18
11 - - - - 20
12 - - - 24 -
13 19 22 - 22 -
14 24 25 - 19 -
15 i9 - 23 20 23
186 - - 20 18 24
17 21 - 21 19 23
Average 21 23 21 20 21

of silicone oil, SF-99

MIL-F-56244 (grade JP-4) fuel plus 1.2 percent by welght

la 20 22 23 - 27

2a - 22 22 - 28

3a 20 - 25 - 29
4a 20 - 21 - 27
Sa - - 18 - 23
6a 20 - 19 - 30

Ta 23 - 19 - 32
8a -- - -- - 37
Average 21 22 21 - 28
MIL-F-56244 (grade JP-4) fuel plus 6 percent by weight

of tributyl borate

b 22 - 23 21 20

2b 23 - 24 23 21

3b 20 - 22 22 28

4b - 25 25 22 22

5b 18 22 19 - 22

6b 17 19 19 - -

o 19 22 21 - 23

&b - 20 - - -
Average 20 22 22 22 23

Eormmia ]
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TABLE I. - TABULATION OF BLADE TIME CONSTANTS - Concluded

(b) Date obtained by decelereting engine from 11,500 to 8000 rpm.

Run Time constant, T, sec
Rotor-blade thermocouple location Stator-blade thermo-
couple location
Leading |Trailing|Midchord (Midchord Leading edge
edge edge suction [midthlckness
surface

MIL-F-5624A (grade JP-4) fuel
1 307 35 - 31 -
2 27 34 - 28 -
3 27 31 - 28 -
4 30 33 30 28 -—
5 29 - 30 30 -
6 27 - - 28 30
7 28 - - 29 31
8 30 34 - 32 -
9 33 32 - 32 -—-
10 29 30 -- 29 -
11 31 - 33 31 34
12 32 -~ 32 30. -
13 31 - 31 30 -=
Average| 30 33 31 30 32

MIL-F-5624A (grade JP-4) fuel plus 1.2 percent by weight

of siilcone o0ll, SF-9S

la 3L 33 33 - -
2a 30 32 31 - 32
3a 31 - - - 33
4a 27 35 30 - 29
5a, 31 - 31 - 36
6a 34 - 29 - 37
Ta 34 36 33 - 40
8a 30 - 31 -— 41
Average | 31 34 31 - 35
MIL-F-56244 (grade JP-4) fuel plus 6 percent by weight
of tributyl borate
1b 34 - 32 31 33
2b 36 - 36 33 30
3b 32 - 32 31 -
4b - 31 32 31. -
5b 29 - - - 31
6b 28 29 28 - 33
) 28 28 28 - 31
8b - 29 - - 36
Average | 31 29 31 32 32

27¢5
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Figure 1. - Turbine-blade areas considered in anslytical development
of blade time constants.
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(a) Rotar blade. (b) Stator blade.

Figure &. - Locations of thermocouples on turbine rotor and stator blades.
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Time, 10 sec per division———
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(e) Acceleration; run l4. Thermocouple
located at midchord, midthickness of
blade.
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Figure 3. - Typlcal time-tempersture traces of
uncoated~-rotor-blade temperature obtalned with
recording potentiometers.
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Figure 4. - Typical plot of blede temperature data for determination
of time constants. Acceleration; run l4.
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Blade-metal temperature, Ty, OF
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Figure 5. - Compsrison of cslculeted stator-blade time-tempersgture
relations for uncoated blade and blade coated with silicon
dioxide. Curves calculated with experimentsl time constants in
equation (4); blade-metal initial temperature, 1000° F; blade-
metal final temperature, 1365° F.
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Figure 6. - Comparison of experimental and theoreticel time-

temperature relations at midchord, midthickness of uncoated
rotor blade. Blade-metal initisl temperature, 972° F;
blade-metal final temperature, 1365° F.
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Figure 7. - Theoreticel variation of time-tempersture relstion at
blade midchord with ratios of coating thickness to coating con-
ductivity. Blade-metal thermal conductivity considered infinite;
blade-metal initisel temperature, 1000° F; blade-metal finsl
temperature, 1365° F.

e Uer—



42 NACA RM E53A19

KA

C«31586

(c) Blades after 2% hours of operation.

Figurs 8. - Turbine rotor blades before and after operation with sillicome oll, SF-99, added
to the fuel.
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(b) Blades after 2% hours of operaticn.
Flgure 9, - Stator blades before and after operation with ellicone oil, S¥-93, added %o the fuel.
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Figurs 10, - Silioon dloxide snd carbon deposits gn burner domes after approximately 23 hours of operation with alllcone
oll, SF-99, added to the fuel.
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Flgure 1l. - Fuel nozzles after a

Prroximately 1 hour of operation with

to the fuel compared with clean nozzles,

NACA-Langley - 3-30-53 - 325
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